Background: Ischemic stroke recovery is poor in diabetic mellitus (DM). Vanadium compounds (vanadium) relieve DM signs, but their influences on cerebral ischemia/reperfusion injury (I/RI) are inconclusive. Herein, the intensity of I/RI was inspected in vanadium-treated DM rats. Methods: Rats made diabetic with a single intravenous dose of streptozocin (39 mg/kg). Normal and DM rats used water or vanadyl solution for 45 days. Under isoflurane anesthesia, right middle cerebral artery occlusion was performed for 60 minutes and 12 hours reperfusion. Ischemic rats were divided into untreated-control normal (ICN) and diabetic (ICD), vanadium-treated normal (IVTN) and diabetic (IVTD) groups (n=14 each). After neurological deficit score (NDS) test, the rats were sacrificed and their brain removed and stained with triphenyltetrazolium chloride (TTC) to measure cerebral infarct volume (CIV, mm
•
The association between acute stroke injury in diabetes mellitus with vanadium therapy is unclear. Hyperglycemia in diabetes acts as a risk factor leading to poor recovery from ischemic stroke.
• Current data show vanadium therapy ameliorates hyperglycemia and the intensified stroke injuries seen in diabetes mellitus.
What's New
• It appears that chronic hyperglycemia aggravates post-stroke injuries by extending the integrity disruption of the blood-brain barrier, cerebral edema, and cerebral infarction in diabetes mellitus.
• The combination of these damaging parameters as well as other unknown factors may be the cause of poor recovery or high mortality rate after acute stroke.
higher mortality and slower recovery. 4, 5 Animal studies have reiterated that the alleviation of hyperglycemia with insulin therapy would reduce the potency of stroke injury in DM. 6, 7 Vanadium compounds (vanadium) are heavily investigated for their insulin-like activities in diabetic patients and diabetic rats. 8, 9 Vanadium has been found to improve the abnormalities of carbohydrate and lipid metabolism in isolated tissues taken from DM patients or animals. 10, 11 Although the anti-diabetic effects of vanadium compounds are well documented, 11 data about its beneficial influences in reducing stroke injury in diabetes conditions are insufficient or almost missing.
Literature indicates that the control of glycemic status in diabetic animals has prevented further damages that are usually initiated in ischemic stroke. 12 In this condition, one may hypothesize that vanadium would indirectly alleviate hyperglycemia and the outcome would be a reduction of acute ischemic brain injury in DM rats. Therefore, in the present study, we attempted to elucidate the intervention of hyperglycemia with brain injuries initiated with 60 minutes MCA occlusion followed by 12 hours reperfusion in chronic DM rats. Again, the same procedure was used in 45-day vanadyl treated normal and diabetic rats and the outcome of I/RI that occur during an acute stroke was investigated. The results would shed some light on the contribution of vanadium due to its insulin-like activity in reviving the injuries that occur during acute focal cerebral ischemia in acute or chronic diabetic rats.
Materials and Methods

Animals
Male adult Sprague-Dawley rats (180-210 g) were obtained from the animal house of Shiraz University of Medical Sciences, Shiraz, Iran. All procedures were followed according to the guidelines of the Institutional Animal Ethics Committee of Shiraz University of Medical Sciences (Shiraz, Iran). The animals were housed in separate cages under controlled room temperature (22-24 °C) , humidity (40-60%), 12-h light/dark cycle, and had access to rat chow (Pars Dam, Iran) and water.
Fluid Solutions
The drinking water (base solution) contained 3 g/L NaCl in distilled water to overcome natriuresis in diabetic rats. 9 Vanadyl solution contained 0.1 to 0.5 mg/mL vanadyl sulfate (VOSO 4 +5H 2 O, Merck, Germany) dissolved in the base solution. The concentration of vanadyl solution, depending on the daily fluid consumption, was chosen such that each animal receives the same amount of vanadium (mgkg -1 day -1 ). All solutions were freshly prepared every 3-5 days and stored in a dark, cold room (4 °C) until use.
Routine Measurements
Daily Fluid Consumption: The type of bottle used for drinking solutions was virtually dripless. Thus, the measured bottle volume specified the amount of fluid used by each animal.
Blood Samples: The animals were lightly anesthetized with anesthetic ether (Merck, Germany). One drop of blood was collected from the tip of cut tail and the blood glucose (BG) was measured with glucose monitoring system (Glucocard 01-Mini, Japan).
Body Weight: The body weight measurements were done daily after each maneuver and then in 10 days interval until the completion of treatments.
Arterial Systolic Blood Pressure: The tail cuff holder and Power Lab system (AD Instrument, Australia) were used to measure arterial systolic pressure (ASBP) noninvasively.
Induction of Diabetes and Animal Care
Diabetes mellitus was induced by a single intravenous injection of 39 mg/kg freshly prepared streptozotocin solution (STZ, Sigma) in normal saline through the lateral tail vein. Diabetes was confirmed 48-72 hours after STZ injection by observing hyperglycemia (BG 300-350 mg/dL), polydipsia (fluid intake ≥100 mL/day), and polyuria (wet-cage). The normal animals (control) received the same volume of normal saline. The rats were kept in separate cages and treated accordingly.
Surgical Procedures
The animals fasted overnight. Anesthesia was conducted through a face mask with isoflurane (15-30% in 30% oxygen and 70% nitrous oxide). Core temperature was recorded during surgery, ischemia, and the first 15 minutes of reperfusion period. The temperature was kept at 37±1 °C with a heating lamp or an ice bag.
Regional Cerebral Blood Flow (rCBF) Measurements
A laser Doppler electrode was placed on the surface of the right side of the skull and connected to a flow meter (model ML191, AD Instrument, Australia) and tested as described previously. 13 The rCBF trace was continuously recorded during each maneuver.
Induction of Focal Cerebral Ischemia
Transient focal cerebral ischemia was induced according to the method of Longa; as modified by Vakili et al. 14 The occlusion of MCA was confirmed by observing a sharp decline in the rCBF trace (75-80%) of the right cranium. 13 Reperfusion started 60 minutes after MCA occlusion by gently pulling out the thread. Then, all instruments were removed, incisions sutured, and the animal was returned to a warm cage for 12 hours recuperation.
Evaluation of Neurological Deficit Score (NDS) Test
Rats that survived the anesthesia, neck surgery, 60 minutes cerebral ischemia, and 12 hours reperfusion period were prepared for NDS test and blindly evaluated 12 hours after neck surgery in the sham group or 12 hours after MCA reopening in the ischemic group by a five-point NDS test as described previously. 15 
Measurements of Cerebral Infarct Volume (CIV)
CIV was measured according to the method of Swanson et al. 16 After the NDS test, rats were deeply anesthetized with intraperitoneal injection of chloral hydrate and sacrificed by guillotine. The brain was removed, cleaned, washed, and solidified in cold saline solution (4 °C). 16 The prepared coronal sectioned slices were stained with 2% TTC (2,3,5-triphenyltetrazolium chloride, Sigma) fixed in 10% buffer formalin solution.
17,18
Preparation of Animals for Blood-Brain Barrier (BBB) Integrity Evaluation
Evans blue solution (4 ml/kg, from freshly prepared EB solution contained 2% EB in normal saline, Sigma) was injected through the femoral venous cannula in the sham and ischemic groups. 19 After the evaluation of NDS test, animals were sacrificed under deep chloral hydrate anesthesia. The chest was opened to wash out the remaining excess EB in the blood vessels. 18 EB extraction technique was used to measure tissue EB concentration (µg/g wet-tissue) and to quantify BBB breakdown.
18
The optical density values of the solutions were measured with a Gen5 microplate reader (BioTek, Germany) at 620 nm wavelength and the results were calculated and reported accordingly.
13,20
Evaluation of Brain Edema
The tissue swelling of the ipsilateral lesioned hemispheres was analyzed accordingly. 19, 20 In this context, as presumed systematically by many investigators, we also assumed that the contralateral (left) hemispheres were not affected by the right MCA occlusion. 19, 20 Subsequently, these calculated values were considered as edema formation that usually occurs in the ischemic hemispheres.
Experimental Design
Initially, 4 groups (n=21 each) of normal and DM rats were prepared and treated for 45 days, namely: In the VTN and VTD groups, depending on the daily-consumed fluid and rats' body weight, the concentration of vanadyl was adjusted so that each rat received a similar amount of vanadyl sulfate (table 1) . After 45 days of treatment, the rats in each group were further subdivided into 5 subgroups and the experiment followed accordingly. 1. Sham groups: Seven rats from each group, as mentioned above, were randomly selected for neck surgery. The right common carotid artery without MCA occlusion was exposed to perform TTC staining or EB extravasation technique as described previously. 19, 21 Brain preparations of sham rats were exactly similar to the ischemic groups.
Ischemic control normal group (ICN, n=14):
The first part of the surgical procedure was similar to the sham group. Then, acute cerebral ischemia was induced by 60 minutes right MCA occlusion followed by 12 hours reperfusion. 3. Ischemic vanadyl-treated normal group (IVTN, n=14): The surgical procedures for the induction of acute cerebral ischemia were exactly similar to the ICN group.
Ischemic control diabetic group (ICD, n=14):
The procedure for the induction of acute cerebral ischemia was exactly similar to the ICN group. 5. Ischemic vanadyl-treated diabetic group (IVTD, n=14): The neck surgery and induction of acute cerebral ischemia were exactly similar to the ICD groups.
Statistical Analysis
All values are presented as means±SEM. The analysis was performed using the SPSS software (version 21.0). One way ANOVA with Turkey's post hoc test was used to evaluate changes that occurred during the 45-day of the experiment in BG, daily drinking water, daily vanadyl consumption, body weight, ASBP, rCBF, CIV, and BBB permeability in the sham and ischemic groups. The Kruskal-Wallis H test was also used to assess variations observed in the NDS test. Overall, P<0.05 was considered statistically significant.
Results
The overall survival rates of the sham groups were 100%. The survival rate in the ICN, IVTN, and IVTD groups were 90%, but it was 60% in the ICD group. The data presented in 
Regional Cerebral Blood Flow
The alterations of rCBF (percentage from baseline) during surgery in the sham and ischemic rat groups are presented in figure 1 . Sixty minutes MCA occlusion similarly reduced the rCBF of lesioned side (75-85%) of the 4 ischemic groups. MCA reopening swiftly returned rCBF back to its pre-occluded levels.
Neurological Disability Test
Rats that survived anesthesia, neck surgery (sham), 60 minutes cerebral ischemia, and 12 hours reperfusion (ischemic groups) were prepared for the NDS test. The NDS results of the sham and ischemic groups are presented in figure 2 . It shows that NSD in the ICN and IVTN groups were significantly lower than the ICN group (P<0.001) and vanadium therapy did not affect the NDS of diabetic rats.
Cerebral Infarction Volume
A sample photograph of coronal sections of the rat brain stained with TTC is shown in figure 3 . The evenly dark red color of the slices from both hemispheres of sham rats reinstated that anesthesia and neck surgery did not induce cerebral injury. The appearance of white color together with dark reddish color in the right hemispheres of ischemic rats indicates that 60 minutes MCA occlusion had induced various degrees of cerebral infarctions, while this maneuver did not affect the left hemispheres.
The quantitative values of infarct size of the lesioned hemispheres of the ischemic groups are presented in figure 4 . Their comparisons indicated that the infarct size in the ICN and IVTN groups were low and not significantly different from each other (P=0.98). However, the significant increases observed in the infarct size of ICD rats were substantially lower in IVTD (P<0.001).
Blood Brain Barrier (BBB) Permeability
A photograph of the rats' brain that received an intravenous infusion of EB is shown in figure 5 . The absence of blue color on the surface of both hemispheres of the sham group and the left (non-lesioned) hemispheres of the ischemic group indicated that anesthesia, neck surgery, or right MCA occlusion did not affect the integrity of cerebral vasculature of the left sides of the ischemic groups. Similarly, the quantitative EB concentrations of these hemispheres were close to zero (figure 6). EB concentrations of the lesioned hemispheres of both groups of ICD and IVTD were significantly higher than the nondiabetic groups (figure 6). Figure 6 shows that even though EB concentration in the IVTD group is significantly lower than the ICD group (P=0.01), but this reduction is still significantly higher than either of the ICN or IVTN groups (P<0.001).
Brain Edema
The calculated tissue swelling (edema) of the lesioned hemispheres of ischemic rats is presented in figure 7 . Although the variations of brain edema in the ICN and IVTN groups were not statistically significantly different from each other, it was extensively elevated in diabetes groups (figure 7). Brain edema of the IVTD group was significantly lowered compared to the ICD group (figure 7, P=0.01), but still was significantly higher than the obtained edema in the ICN or IVTN group (figure 7, P<0.001 ).
Discussion
The results show that 60 minutes occlusion of the MCA in the presence of hyperglycemia intensified cerebral infarction, BBB disruption, and edema in the ICD group (Figures 4, 6, and 7) . In contrast, vanadium ameliorated hyperglycemia significantly lowered the cerebral infarct size, BBB disruption, and edema in the IVTD group (Figures 4, 6 , and 7). These results are endorsed by previous reports stating that improved hyperglycemia, due to insulin-like actions of vanadium, helped the recovery of the damaged brain from ischemia. 1 Nonetheless, our data could not specify if the improved signs of acute ischemic brain injury and better survival rates observed in IVTD rats were due to direct insulin-like activity of vanadium, amelioration of hyperglycemia, or both. Based on these results, we are unable to explain how vanadium revived DM rats from stroke injury.
Long-term vanadium therapy has helped type 1 diabetic patients to have a better control over their blood glucose and daily insulin injection. 8 Oral vanadium in chronic DM rats has reduced the damages arising in the myocardium and kidney induced by hyperglycemia. [23] [24] [25] Extensive investigations performed in recent years have ratified that soon vanadium would be used as a new antidiabetic drug for relieving hyperglycemia and its complicated signs in chronic DM patients. 11, 24, 26 Although our information about the functional activity of vanadium in protecting peripheral organs obtained from chronic diabetic patients and DM animals is adequate, 25, 27, 28 we have little knowledge about the insulin-like actions of vanadium in the recovery of brain injury after acute ischemic stroke. Therefore, prior to the use of vanadium as a conventional antidiabetic drug, learning its benefits and harms in diabetic patients with high risk of stroke deserves extensive investigations.
In rats, the right middle cerebral artery regularly nourishes the lateral surface of the cortical and subcortical areas of the right hemisphere. 29, 30 This area mainly participates in the process of sensorimotor information that helps the balancing abilities of the animal during standing or moving. 13, 31 Severe reduction of blood flow to this region could seriously damage neurons and their synaptic electrophysiological information originated from or proceeding through this region and consequently would impair the balancing capability of the animal. 13, 30 For this reason, investigators traditionally use the method of right MCA occlusion/reopening to evaluate post-ischemic recovery scores, similar to what happens in human, to find out the symptoms of ischemic stroke after recovery at various conditions. 14, 20 Hence, evaluation of NDS test would help to judge the degree of stroke injury and its post-ischemic recovery in living conditions. 14, 31, 32 In the present study, evaluation of NDS test was done blindly by a person who was not aware of rats' conditions. NDS in the sham groups indicated that the injection of STZ, oral vanadyl therapy, anesthesia, and neck surgery did not restrict the balancing ability and free movements of the rats. Whereas, comparison of NDS in the ICN and ICD groups indicated that hyperglycemia profoundly impaired motoneuron functions and post-ischemic recovery in the ICD group ( figure 3 ). This notion is confirmed by some clinical and experimental reports retreating that hyperglycemia highly sensitizes the brain to stroke injury. 3, [33] [34] [35] It is worth noticing that while vanadium therapy improved hyperglycemia, reduced cerebral infarct size, partially diminished BBB disruption and edema, it is not clear why post-ischemic recovery scores were not improved in the IVTD group. The blood-brain barrier is a diffusion barrier segregating the central nervous system from the systemic circulation. The foremost function of BBB is to limit paracellular movement of solutes, ions, and water to modulate the intracellular and extracellular signaling pathways. The occurrence of BBB disruption during ischemic stroke and subsequent reperfusion increases vascular-derived substances into the brain. The destruction and/or dysfunction of brain cells are the ultimate outcome of ischemic stroke leading to neurological deficits.
The EB extravasation technique is used to precisely evaluate the intensity of BBB disruption after cerebral ischemia. 36 Regional measurement of EB extravasation would precisely evaluate the intensity of BBB disruption in focal cerebral ischemia. 36 The results of the present study indicated that hyperglycemia highly sensitized the brain of chronic DM rats to acute ischemia-induced with 60 minutes of MCA occlusion. EBE was greatest in the presence of hyperglycemia in ICD compared to normoglycemic rats of the ICN group ( Figure 5 ). At the same time, amelioration of hyperglycemia during vanadium therapy extensively reduced EBE in the IVTD rats compared to ICD group (Figures 5 and 6) .
Cerebrovascular endothelial cells are normally involved in the regulation of transcapillary fluid movement. The inability of endothelial microvascular beds, known as BBB disruption, develops brain edema during acute ischemic stroke. 37 The results of the present study indicated that hyperglycemia exceedingly intensified ischemic BBB breakdown (figure 6) and augmented brain edema (figure 7) in the ICD group. This has the support of other investigators who illustrated that hyperglycemia directly modifies the sensitivity of endothelial cells to stroke. 12, 34 Conversely, the improved hyperglycemia in response to the insulin-like activity of vanadium in diabetic rats of the IVTD group diminished BBB disruption (figure 6) and brain edema ( figure 7 ). At present, due to the lack of literature, we can only conclude that diminished cerebral infarction (figure 4), less BBB breakdown (figure 6), and reduced amounts of brain edema (figure 7) observed in vanadyl-treated diabetic rats were directly due to diminished hyperglycemia. Nevertheless, further investigation is required to differentiate the exact mechanisms of vanadium therapy in the prevention of ischemic stroke injury.
Conclusion
These results demonstrated that oral vanadyl pretreatment of normoglycemic rats per se did not alter the extent of acute stroke injury. The concurrence of diabetes with ischemic stroke, occurring during IR injury, degraded blood brain integrity, induced edema, intensified stroke symptoms, and mortality rate. Nonetheless, stroke rehabilitation requires extensive investigations to identify the medications involved in reviving hyperglycemia. The outcome would lessen post-ischemic stroke symptoms in DM patients.
